Abstract. It has previously been reported that dihydroartemisinin (DHA) is an effective novel anticancer compound in a number of types of tumor cells. Previous studies have demonstrated the anticancer activity of DHA in gioma cells. However, its underlining mechanism remains unclear. In the present study, the anticancer activity of DHA was examined in the glioma cell lines BT325 and C6. Western blot analysis was also employed to determine the signaling pathway changes. It was demonstrated that DHA effectively inhibited cell growth and induced apoptosis in glioma cells. Moreover, western blot analysis indicated that DHA-induced apoptosis was accompanied by inactivation of the Raf/MEK/ERK and PI3K/AKT signaling pathways, in addition to the downregulation of anti-apoptotic proteins Mcl-1 and Bcl-2 expression levels.
Introduction
Glioma represents the most prevalent and lethal primary brain tumor (1) . A number of glioma cases have demonstrated low responses to conventional cytotoxic chemotherapy. Despite great efforts to improve therapeutics, the clinical outcome of glioma remains poor (1) . Therefore, there is an urgent need to develop novel treatment to improve the prognosis of glioma (2) . Dysregulated signaling pathways have been considered to be involved in cancer progression; the Raf/mitogen-activated and extracellular signal-regulated kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) cascade and the phosphatidylinositol 3-kinase (PI3K)/Akt cascade are commonly activated pathways in a number of types of cancer (3) .
The Raf/MEK/ERK pathway is one of the most common oncogenic pathways and is critical in driving cell proliferation, survival and preventing apoptosis. Upon activation by growth factors, serum, polypeptide hormones, neurotransmitters or chemokines, activated ERK phosphorylates and regulates multiple cytoplasmic signaling proteins and transcription factors (4) . These events result in gene expression changes and alterations in cell survival, division and metabolism. A previous study demonstrated that dysregulation of this pathway is involved in the oncogenesis of various types of human cancer (5) . Therefore, inhibition of the Raf/MEK/ERK pathway is a promising strategy for cancer therapy (6) .
The PI3K/AKT pathway is another crucial signaling pathway for cancer development (7) . Growth factors and cytokines activate the lipid kinase PI3K and then generate phosphatidylinositol 3,4,5-triphosphate (PIP3), which activates the recruitment of protein kinase AKT to cell membrane. Activated AKT phosphorylates Ser/Thr residues in proteins that are involved in cell survival, proliferation, and metabolic pathways. Abberrant AKT activation has been documented in a number of types of human cancer (8) . Therefore, inhibition of the PI3K/AKT pathway is also a promising strategy for cancer therapy (9) .
A previous study indicated that the Raf/MEK/ERK and PI3K/AKT signaling pathways cooperatively link with each other to enhance the proliferation and apoptotic resistance capacity in cancer cells (10) . Both signaling pathways are activated by growth factor receptors and their complicated crosstalk at multiple points greatly increases the therapeutic effects of single signaling inhibition in cancer cells (11) . In addition, these two pathways can exert complementary and redundant functions when only one single pathway is inhibited (12) . Therefore, more clinical benefit may be obtained by simultaneously targeting both cascades (13) .
Dihydroartemisinin (DHA) is a semi-synthetic derivative of the anti-malarial drug artemisinin. Previous studies have demonstrated that DHA may exert its anti-proliferation and apoptosis-inducing effects on a number of types of cancer cells, including leukemia, prostate cancer, ovarian cancer and colorectal cancer cells (14) (15) (16) (17) . In addition, it has been reported that DHA induces apoptosis in C6 glioma cells by increasing the generation of reactive oxygen species (ROS) and inhibiting activation of hypoxia inducible factor-1α (HIF-1α) (18) . However, the underlying molecular mechanisms by which DHA exerts its anti-glioma effects remain unclear. In the present study, the effects of DHA treatment of glioma cells and the potential molecular mechanisms were investigated, particularly focusing on the impact on Raf/MEK/ERK and PI3K/AKT pathways.
Materials and methods
Cells and reagents. The BT325 cell line was obtained from Beijing Neurosurgical Institute Collection (Beijing, China) and the C6 cell line was purchased from American Type Culture Collection (Manassas, VA, USA). All cells were cultured at 37˚C in Dulbecco's modified Eagle medium (DMEM) (Gibco Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (Gibco), and 100 U/ml penicillin-streptomycin (Gibco). Dihydroartemisinin (DHA) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethylsulfoxide (DMSO) with cell medium resulting in a final DMSO concentration of 1%.
Cell viability assay. Cell viability was measured by
Logarithmically growing glioma cells were seeded in 96-well culture clusters (Costar, Cambridge, MA, USA) at a density of 5,000-6,000 cells/well with culture medium and incubated for 24 h. On the following day, cells were treated with desired concentrations of DHA. Four hours before the desired time points, 10 µl of 10 mg/ml MTT was added, and incubated for 4 h, the medium was removed and 200 µl DMSO was added to each well. The optical density (OD) value at 570 nm was measured using MRX II absorbance reader (DYNEX Technologies, Chantilly, VA, USA). The cell viability was expressed as the percentage of absorbance in cells with DHA treatment versus the control group. The experiment was replicated in triplicate. Results were expressed as the mean ± standard deviation (SD) values.
Apoptosis analysis by flow cytometry. Apoptotic cells
were measured with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) kit (BD Biosciences, Sparks, MD, USA). Briefly, cells were cultured in 6-well plates at 3x10 5 cells per well. After DHA-treatment for 10 h, a cell suspension was prepared by trypsinization, and was centrifuged at 800 x g for 5 min at 4°C, and then the cells were resuspended in 500 µl of binding buffer. The cells were incubated with 10 µl Annexin V-FITC solution and 5 µl PI at 37°C for 30 min away from the light. FACs analysis was performed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). For each sample, 10,000 cells were analyzed. All of the experiments were performed in triplicate.
Western blot analysis. Cells were plated in tissue culture dishes overnight and treated with DHA at the given concentrations for 24 h. Following harvest, adherent cells were washed with cold PBS and resuspended in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2 mM ethylenediaminetetra-acetic acid (EDTA), 1% NP-40) containing protease inhibitor cocktail (Amresco Inc., Framingham, MA, USA). Protein levels in the extracts were quantified using BCA assay (Pierce Biotechnology, Inc., Rockford, IL, USA Statistical analysis. Data are expressed as the mean ± SD, and evaluated for significant differences using one-way analysis of variance (ANOVA) via SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). A value of P<0.05 was considered to indicate a statistically significant difference.
Results

DHA inhibited glioma cell proliferation.
The effects of DHA on inhibition of proliferation of BT325 and C6 cells at dosages between 25-200 µM, were examined. MTT assay demonstrated that the effects of DHA on the viability of the cell lines were dose-and time-dependent (Fig. 1) . Treatment of BT325 and C6 cells with 100 µM DHA for 48 h caused 62.5±3.6% and 77.3±6.4% reduction in cell viability, respectively ( Fig. 1B; 
P<0.05).
DHA results in apoptotic death in glioma cells. The proapoptotic effects of DHA were examined in BT325 and C6 cells. As presented in Fig. 2 , DHA promoted apoptosis in both cell lines in a dose-dependent manner (P<0.05; Fig 2C and D) .
DHA inhibits Raf/MEK/ERK signaling pathway in glioma cells.
A previous study reported that DHA inhibits Raf/MEK/ERK pathway in a number of types of cancer (14) . Therefore the impact on the phosphorylation of these signaling molecules was examined in glioma cells. Western blot analysis demonstrated that after 24 h of DHA exposure, the expression levels of Raf/MEK/ERK signaling pathway members were reduced in both cell lines in a dose-dependent manner (Fig. 3) .
DHA inhibits AKT activation in glioma cells.
Dysregulation of the PI3K/AKT pathway is commonly observed in glioma cells (19) . The effects of DHA on the activation of PI3K/AKT signaling were examined in glioma cells. Western blot analysis demonstrated that after 24 h of DHA exposure, DHA treatment markedly inhibited the phophorylation of AKT in a dose-dependent manner (Fig. 4) .
Involvement of Bcl-2 family proteins in DHA-induced glioma cell apoptosis.
The Bcl-2 family proteins serve important roles in the regulation of cell apoptosis (20) . The effects of DHA Western blot analysis demonstrated that DHA treatment markedly inhibited the expression of Bcl-2 and Mcl-1, two antiapoptotic Bcl-2 proteins (Fig. 5) . However, DHA treatment had no impact on the protein expression levels of Bcl-xL or Bax.
Discussion
As important anti-apoptotic signaling pathways, Raf/MEK/ERK and PI3K/AKT signaling cascades have attracted considerable attention (3). These signaling pathways have been demonstrated to serve critical roles in the transduction of growth factor signals, which regulate gene expression to control cell survival, proliferation, motility, and metabolism. Mutations may occur in upstream receptors such as EGFR and Flt-3, or downstream members such as Ras, Raf, PI3K, PTEN and AKT (13) . Accumulating evidence has indicated that the crosstalk between Ras/Raf/MEK/ERK and the PI3K/AKT pathways serves important roles in promoting cell proliferation and inhibiting apoptosis of cancer, and pathway cross-inhibition reduces the effectiveness of single agents (12) .
A number of studies have demonstrated synergistic anticancer effects of simultaneous inhibition of both pathways. Treatment of basal-like cell lines with a selective MEK inhibitor resulted in enhanced PI3K pathway signaling, whereas supplementation of PI3K inhibitor induces apoptosis both in vitro and in vivo (18, 21) . These evidence indicates that dual inhibition of Raf/MEK/ERK and PI3K/AKT signaling may result in more clinical benefit and therefore may provide certain advantages over single pathway inhibitors (22) . Although the anti-cancer activity of DHA has been demonstrated in a number of types of cancer (23) (24) (25) , the underlying mechanisms remain largely unknown. To optimize the therapeutic effect of DHA against glioma cells and to explore its molecular mechanisms, the BT325 and C6 cell lines were used in the present study. Indeed, using cell viability and apoptosis analysis, it was indicated that DHA is capable of inducing the apoptosis of human glioma cells in a concentration-and time-dependent manner. For further illuminating the possible mechanisms, the present study was extended to investigate the effect of DHA on MEK/ERK and PI3K/AKT signaling factors. The results demonstrated that DHA suppressed MEK, ERK and AKT phosphorylation in the dose-dependent manner, indicating that DHA may induce apoptosis through a process that involves Raf/MEK/ERK and PI3K/AKT pathways inactivation. The Raf/MEK/ERK and PI3K/AKT signal pathways have been implicated in a wide variety of processes in cancer cells including the regulation of cell proliferation, survival and apoptosis. Therefore, the present study hypothesized that the combination of Raf/MEK/ERK and PI3K/AKT pathway inhibition and DHA treatment would greatly suppress the proliferation of glioma cells and markedly induce apoptosis.
Inducing apoptosis is an attractive strategy for cancer therapy, which is finally determined by the balance between pro-and anti-apoptotic mechanisms (20) . The expression of the Bcl-2 protein family was also examined; this family of proteins serves important roles in the regulation of mitochondria-dependent apoptosis. Bcl-2 protein is the prototype of this family, which inhibits cell apoptosis through multiple mechanisms (26) . Mcl-1 is another highly expressed anti-apoptotic protein expressed in a number of types of malignancies and has been demonstrated to mediate resistance to chemotherapy, whereas Bax is a pro-apoptotic member. In the present study, no significant differences in the expression of Bax protein were observed after DHA treatment in glioma cells. However, the expression of Bcl-2 and Mcl-1 proteins was significantly suppressed by DHA in a dose-dependent manner. These results indicated that DHA may exerts its anti-glioma effects through the inhibition of pro-apoptotic proteins Bcl-2 and Mcl-1.
In summary, the data in the present study indicates that DHA suppresses the Raf/MEK/ERK and PI3K/AKT pathways in the glioma cells, which provides valuable information on the molecular mechanism of its anticancer activity. Therefore, DHA may be a promising molecule for the treatment of glioma.
